We selected 1235 decapeptides from human hair proteins encoded by human genes of keratins and keratin associated proteins. The peptides were linked to glass arrays and screened for their affinity towards a solution of human hair extracted keratin fraction. Based on the physicochemical properties of the peptides, ten variables were studied: content of different types of amino acid side chains (cysteine, hydrophobic, polar, basic, acidic, aromatic rings, amide, alcohol side chains), isoelectric point, and net charge. We found differences statistically significant on the binding affinity of peptides based on their content of cysteine, hydrophobic and polar amino acids, mainly containing alcohols. These results point to the formation of hydrophobic interactions and disulfide bonds between small peptides and human hair keratins as the main driving forces for the interaction of possible cosmetic peptides, namely designed to strength human hair. As so, our results enlighten the nature of the interaction of keratin based materials with human hair, which are claimed to enhance hair fiber strength, and enable a more directed and sustained hair care peptide design.
Introduction
Keratin is a fibrous structural protein, member of the superfamily of intermediate filament proteins, and one of the most important biopolymers in animals. Keratin has one of the high toughness among biomaterials [1] . This protein composes the hard integuments in mammals, such as hair, epidermis, wool, horns and also feathers, claws, and beaks of birds and reptiles. Traditionally, keratins can be classified, according to their tissue of origin and amount of sulfur. Soft keratins (e.g. from epidermis) have low sulfur content, and hard keratins (e.g. hair, nails, claws, beaks, quills) have a more coherent structure with a higher amount of sulfur [1, 2] . Taking into account the classification of intermediate filament proteins (into six types based on sequence homology), keratins belong to the acidic Type I and neutral-basic Type II. Therefore, keratin protein family can be divided into type I a and type II a (acidic or neutralbasic "hard" keratins) and type I b and II b (acidic or neutral-basic "soft" keratins) [2] . The formation of a heterodimer by the parallel alignment of a single pair of type I and type II keratin polypeptides is the first step in the assembly of a keratin intermediate filament [3] . The heterodimers then aggregate into an antiparallel and shifted arrangement to form structural units of a higher order.
Approximately 80% of total mass of the hair fiber is composed by keratin [4] . The hair fiber is a stratified hard-cornified epithelium, continuously produced by the follicle (living part of the hair, buried deeply in the skin) [3] . The hair fiber consists of three concentric morphological constituents that act mechanically as a whole [5] . The cuticle, the outer protective layer of the hair, consists of plate-shaped cells that overlap longitudinally and peripherally. The cortex, the thickest part of the hair fiber, is composed of spindle-shaped cells containing macrofibrils and intermacrofibrillar material. The medulla, the innermost part of the coarser hairs that do not always exist, consists of hollow cells with a cytoskeleton of amorphous proteins and fine filaments [4, 5] . The cell membrane complex works as a cement that glues overlapping cuticle cells, cuticle and cortex cells, and neighboring cortex cells together and is mainly composed of lipids and proteins [5] . Hair fiber is mostly constituted by hard keratins type I a and II a that aggregate into macrofibrils imbibed in a protein material called the matrix. The matrix is composed by the keratin associated proteins (KAPs). KAPs include high molecular weight sulfur proteins (50-75 kDa; 20% cysteine residues); ultra-high sulfur proteins (30-40% cystine); and a lower molecular weight glycine-tyrosine rich proteins (15-50 kDa) [6, 7] .
The mechanical properties of hair fibers depend on the interactions between its several morphological components, particularly, the interactions that stabilize the macromolecular structure of keratin fibers. These physicochemical interactions occur within and between keratin chains, between keratin and KAPs and within KAPs. They range from covalent bonds, such as disulfide and isopeptide bonds, to weaker interactions, such as hydrophobic interactions, hydrogen bonds, coulombic and van der Waals forces. The disulfide bridge is the major covalent bond, providing great chemical stability and the characteristic mechanical properties of hair. The weaker non-covalent polar bonds also represent an important interaction and, as they can be easily broken by water, they explain the dependence of the mechanical behavior of hair on humidity [5, 8, 9] . Bornschlögl and co-workers [10] have recently shown and proposed a sequence of events that explain the huge increase in the mechanical stiffening of keratin fibers during the keratinization and cornification process, which occurs above the follicle over the course of just 1 mm. In an early stage, the mechanical stiffening is due to the increase in diameter of the keratin macrofibrils, their continuous compaction and parallel orientation, driven by the formation of isopeptide bonds, followed, in later stages, by the establishment of a disulfide network.
The desire for a healthy hair has created and sustains a huge industry of hair care products. To improve hair look and feel, several proteins, protein lysates, peptides and free amino acids are used in the composition of hair care products, mainly for hair strengthening and hair conditioning [11] . Low molecular weight peptides and amino acids can diffuse into hair cortex, assisting in the reduction of protein damage during repeated washing and chemical treatments and even improving physical and mechanical properties of hair fibers [12] [13] [14] [15] [16] . However, there is a limited knowledge and testing on how these peptides work, namely the nature of their interactions with hair and the best characteristics that these peptides should have leading to a higher affinity to hair keratins and performance according to their initial purpose.
In this study, we aim to understand better the properties of such peptides that can improve and reinforce the physical characteristics of the hair fiber. This work is motivated by the fact that typical and most common hair cosmetic procedures affect in greater or less extent the physicochemical and mechanical properties of hair, which often result in hair damage, and in more severe cases in scalp damage [4, 17, 18] . For this purpose, we designed an array of low molecular weight peptides from the entire proteome of human keratin and KAPs, to assess the ones with higher affinity and interaction with hair keratins and, consequently, with a putative ability to improve and reinforce the physical characteristics of the hair fiber. This is an innovative approach to the peptide design in hair care for two reasons: (1) it is based on a technique that allows a large screen and a global perspective on the most important forces during intermediate filament formation and stabilization (2) it is based on the human hair proteome. Several parameters were used to determine the peptide features that have statistical significance regarding their affinity to the hair. With a better understanding of the characteristics of the peptides with higher affinity to hair keratin, better cosmetic procedures can be created with inferior damage to the hair fiber and consumer's health.
Experimental procedures

Materials
Human hair was acquired from the International Hair Importers and Products, Inc. (New York, USA). Peptide microarray slides and the peptides were supplied from JPT Peptide Technologies GmbH (Berlin, Germany). All chemicals were purchased from SigmaAldrich (Portugal). Filtration systems were acquired from Merck Millipore (Germany) and Alexa Fluor ® 647 succinimidyl ester was obtained from Thermo Fischer Scientific (Portugal). Electrophoresis reagents were purchased from Bio-Rad (Portugal).
Methods
Hair proteins extraction
Keratin was extracted from human hair following a procedure adapted from Vasconcelos et al. [19] and Kazunori et al. [20] . Briefly, hair was immersed in a solution in a ratio 1:10 containing 8 M urea as a chaotropic agent, 0.2 M sodium dodecyl sulfate to stabilize the keratin solution and 0.5 M sodium metabisulfite as reductant that allows keratin solubilization [20, 21] . The mixture was heated to 50 • C for 24 h with constant agitation, for better desegregation of the hair fibers, and then filtered through a glass filter. The filtrate was dialyzed against distilled water using cellulose tubing molecular with a weight cut-off of 12-14 kDa. The mixture was further concentrated by ultrafiltration using an Amicon system with 3 kDa nominal molecular weight limit.
Characterization of hair keratin extracted: SDS-PAGE electrophoresis
Sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel electrophoresis was performed in accordance with the Bio-Rad manufacturer protocols, using a 12% of resolving gel and 4% of stacking gel, under denaturing conditions. A volume of 10 L of keratin extracted was electrophoresed on an SDS-PAGE gel at 20 mA. Proteins were stained d using Coomassie blue staining and destained with a solution 75% water/15% methanol/10% acetic acid.
Characterization of hair keratin extracted: free thiol and disulfide bond quantification
The concentration of free thiol groups and disulfide bonds in the keratin extracted from human hair was determined following a procedure adapted by Fernandes et al. [14] , based on Ellman [22] . Succinctly, 1 mL of keratin solution was added to 5 mL of 0.5 M phosphate buffer, pH 8.0, containing 100 L of 4 mg/mL Ellman's reagent (5,5 -dithiobis(2-nitrobenzoic acid)) solution and incubated for 1 h at room temperature in the dark. Absorbance was measured at a wavelength of 412 nm. The free thiol content was determined from a calibration curve of l-cysteine standards.
The total amount of sulfur and, consequently, of disulfide bond was determined using a similar reaction with Ellman's reagent after complete reduction of the keratin using sodium borohydride [23] . Briefly, a volume of 1 mL of extracted keratin was added to 150 L of 0.05 M Tris buffer, pH 6.8 and 1 mL of freshly prepared 4% w/v sodium borohydride in 0.2 M sodium hydroxide solution. These reagents were incubated for 1 h in a shaking water bath at 37 • C. Residual sodium borohydride was, then, inactivated with 200 L of 5 M hydrochloric acid for 10 min, under agitation. The pH of the resulting reaction mixture was adjusted to 8.0 with 2 mL of 1 M phosphate buffer, pH 8.0. A volume of 100 L of 4 mg/mL Ellman's reagent was added and incubated for 15 min at room temperature. Absorbance at 412 nm was measured. The number of disulfide bonds present in the keratin was indirectly determined by subtracting the amount of free thiol groups present before sodium borohydride reduction from the amount of free thiols present after this reduction. The experiment was performed in triplicate.
Labeling of hair keratin extracted with Alexa Fluor 647 carboxylic acid, succinimidyl ester
The hair keratin, 4.5 mg/mL in 0.1 M sodium bicarbonate pH 8.3, was labeled with Alexa Fluor 647 carboxylic acid, succinimidyl ester in 5% anhydrous dimethyl sulfoxide (DMSO), in a ratio 5:1 [24] . The reaction was incubated for 90 min in the dark at room temperature. Non-linked Alexa Fluor 647 carboxylic acid, succinimidyl ester was separated by centrifugation using AMICON ultra centrifugal filter with 3 kDa porosity for 1 h at 5000 × g at room temperature. The degree of labeling (DOL), the number of moles of dye coupled per mole of protein, was determined by DOL = (A max 280 )/((A 280 − A max × CF 280 ) max ), where A max is the absorption of the dye at maximum absorption wavelength, A 280 is the absorption of the protein at wavelength 280 nm, max is the molar extinction coefficient of the dye at the maximum absorption wavelength (650 nm), 280 is the molar extinction coefficient of the keratin at wavelength 280 nm, calculated through Beer-Lambert law A 280 = 280 l cuvette C protein , where l cuvette is the cuvette pathlength and C protein is the keratin concentration, and CF 280 is the correction factor used in the determination of degree of labeling, calculated through CF 280 = A 280ofdye /A maxofdye and determined to be 0.03.
Peptides' affinity to keratin
Each peptide microarray slides included three replicas of 1235 peptides, based on the proteins resulting from the translation of the genes of keratin associated-proteins KRTAP1 to KRTAP13, KRTAP15 to KRTAP17, KRTAP 19 to KRTAP 27, KRTAP 29, keratin type I genes KRT31 to KRT 40 and keratin type II genes KRT 81 to KRT 86. The peptides, with a concentration of 15 fmol/mm 2 , were attached to glass through a hydrophilic linked moiety. The microarrays also included 49 spots with printed buffer as control. Briefly, the microarray slides, provided from JPT, had the peptides synthesized by spottechnique, where a reactivity tag was attached to the N-terminus of each peptide enabling chemoselective immobilization and peptide purification. This procedure was followed by reformatting the peptide library and printing of the peptide microarray.
According to the slide's manufacturer JPT protocols, the keratin labeled was diluted to 5 g/mL in blocking buffer containing 3% w/v BSA and PBST (Phosphate-buffered saline, pH 7.4 with 0.05% Tween 20). The slides were incubated with the labeled solution of extracted keratins in an incubation chamber for 2 h at 37 • C. Posteriorly, the slides were rinsed successively in PBST and blocking buffer, for 3 min in each solution, to remove unbound keratin and salt residues. The slides were dried by blowing with a gentle stream of nitrogen on the microarray surface.
Microarray imaging and analysis
Fluorescence scans of the slides were performed using the scan Agilent G2565CA Microarray scanner system, with a red emission filter (650 nm-750 nm) after monochrome excitation at 633 nm. The image was generated with a scan resolution of 5 m. The features of the microarray slides were extracted and normalized using an adaptation of MicroArray Image Processing Case Study code from The MathWorks, Inc. and Bioinformatics Toolbox from The MathWorks, Inc., MATLAB. Summarily, an estimation of the spots spacing and detection of the spots was obtained by autocorrelation, as in practice, microarrays spots have different intensities and sizes. From this estimation, the background noise was reduced at a safety margin to the spot region. The spots were detected by image segmentation and its intensity was considered the median of the central area of the spot. Standardization was accomplished by scaling the intensities from zero to one.
Statistical analysis
A total of ten variables were studied (Table 1 ) [25] , that were based on the physicochemical properties of the peptides in the microarray and selected by considering the most relevant interactions for the stabilization of keratin networks. We performed an analysis of the variables, checking for the normality of the distributions of the variables through Shapiro-Wilk test. Subsequently, Spearman's correlation was used to determine possible two-way associations between two variables.
To further analyze the peptides properties and to compare the peptides with highest and lowest affinity to keratin, the linkage of keratin to the peptides in the microarray was split into five ranks of intensity (Table 2 ). These ranks were created by grouping sim- Between 0.75 and 1.00 Table 3 Division of the peptides into two ranks, according to the average intensity of the keratin in that microarray spot.
Rank of Intensity Intensity
A Between 0.00 and 0.75 B Between 0.75 and 1.00 ilar intensities of keratin in the spots of peptides that could best describe their different distributions along all the range of possible intensities. A non-parametric Kruskal-Wallis test was performed for each of the peptide variables using these five ranks of intensity as dependent variable (Table 2) to determine if there were significant differences between them. Bonferroni correction was applied to correct for multiple testing. Posteriorly, the overall span of the keratin linked to the peptides was divided into just two ranks (Table 3) to better understand the characteristic differences of the very high affinity peptides. Mann-Whitney was performed to the same variables but regarding these two ranks of intensities. For all the statistical analysis, p-values ≤ 0.05 were considered statistically significant. All the statistical analysis and results were produced in IBM ® SPSS ® Statistics, version 22.
Results and discussion
General characteristics of the keratin extracted from human hair
Aiming to test the characteristics of peptides that lead to a higher affinity and interaction to the human hair keratins, we first extracted and analyzed the keratin from human hair fibers.
Keratin was extracted by sulfitolysis, where the disulfide bonds of the cystines are cleaved by the sulfite [19, 20] . The yield of the extraction was approximately 30%, as expected from similar extractions [19] . This method of extraction does not provide a high yield but allows a better keratin solubility. The keratin extracted contained two types of keratins (Fig. 1) . The most prominent band is at ∼40 kDa. This band is inside the expected range of molecular weight for the human alpha-keratins (∼40 to ∼68 kDa), mainly type I acidic keratins [26] . The other band is in the range of around 60 kDa, characteristic of type II keratins. As this band is slightly less visible, it suggests an inferior content of this type of keratin when compared with type I. Along the paper we will designate this extracted protein mixture as keratin solution. We further characterized the keratin solution regarding the content of sulfur and its redox state.
Sulfur analysis reflects the cysteine redox status of the keratin extracted. The majority of the sulfur (96%) was in the form of disulfide bonds (2.944 ± 0.497 M). Free thiol was only 4% of the sulfur of the extracted keratin (0.103 ± 0.002 M). This ratio between disulfide bonds and free thiol are similar to the cystine and cysteine found in Clay et al. [27] and Ward et al. studies [28] . This suggests the keratin extracted is in a redox status similar to the native one of an unaltered human hair, allowing the study of the interactions between the peptides and the keratin of the human hair in a similar context as the unaltered human hair.
Peptide microarray design
A high-density peptide dot matrix was used for simultaneous and parallel screening of the chemical interactions of a vast number of peptides with the hair keratin within a single experiment [29] . A representative image of one of the peptide microarrays is pictured in Fig. 2 . These interactions occur between two different types of species, one immobilized on a solid support, in our case, 10-11-mer peptides whose sequences were derived from human hair keratins and KAPs, and another solubilized in a liquid sample, in our case, a solution of keratins extracted from hair [30] .
The design of the array peptides was based on the amino acid sequence of human hair keratins and KAPs, whose domains are known to participate in intra-and intermolecular interactions. The major bond present in these interactions is the disulfide bond, playing an important role in the stabilization of the keratin network and structure [4, 6] . For this reason, all the selected array peptides were cysteine-containing peptides. The small size of the peptides, apart from being advisable concerning synthesis purity, serves another future aim which is to enable an easier diffusion into the hair cortex, in case the peptides are to be applied to hair.
All the selected 10-11mer peptide sequences (1235 different sequences) contained 20%-45% cysteine content. Most peptides had hydrophobic amino acids (78%) and amino acids with polar side chains (70%); the number of these amino acids varied from one to eight. Approximately half of the peptides did not have in their sequence basic amino acids (50%) neither amino acids with an amide side chain (53%); the other half of peptides contained one to four of these amino acids. Most peptides had no amino acid with acidic (81%) nor with aromatic side chains (92%); a few percentage contained one, two or in a residual percentage three of these amino acids in their sequence. Most peptides contained amino acids with an alcohol side chain (83%), which contained from one to six of these amino acids.
The peptides have isoelectric point (pI) from acidic to basic, divided into four major groups: two acidic, pI from 3.67 to 4.00 and pI from 5.48 to 5.55, one slightly acid with pI from 6.70 to 6.72 and one slightly basic with pI from 7.79 to 8.43. The net charge varied from −0.3 to 0.3.
The detection of the affinity of the peptides to the keratin fraction was achieved with a fluorescence labeled probe, Alexa Fluor 647 succinimidyl ester conjugated with the extracted hair keratins [30] . This fluorescent dye was chosen due to its photostability and intense fluorescence [24, 31] . In this conjugation, we a degree of labeling of 0.9 mol of Alexa Fluor 647 per mole of keratin. This value is not higher due to the primary amine present in the keratin composition, which reduces the labeling of the dye to the keratin.
The negative control spots of the microarray with printed buffer had a normalized intensity of 0.085 ± 0.049 out of 1 in the scale of intensity. This intensity is most likely due to hydrogen bonds between the keratin extracted to the printed buffer indicating that even though the microarray slides were washed, these type of interactions remained.
Brief data quality diagnostics were performed: variability was reasonably moderate between the different arrays, and there is no significant visual evidence of spatial patterns over the microarray slide surfaces due to a putative incorrect distribution of the keratinlabeled along the slide. As so, for the analysis of the microarray, we assume that a higher intensity in each spot in the microarray corresponds to a higher affinity of that peptide to the hair keratin, as it indicates a higher concentration of the hair keratin fraction linked to that specific spot.
Correlation of peptides characteristics
The selected peptide variables are not expected to be independent amongst themselves since some of them derive from the existence of similar structures and composition. As so, a first analysis aimed to study how the different characteristics correlated between them, in order to have a better understanding of them.
None of the other variables were normally distributed, not even the distribution within each rank, according to Shapiro-Wilk test (data not shown, all variables with a p-value ≤ 0.05). Therefore, all the subsequent statistical analyses were performed with nonparametric tests.
The first approach was the use of Spearman's correlation test as a filter to assess the strength of the putative correlation between the different variables [32] . This test was chosen as it is less sensitive to data outliers. Considering very high correlated variables when correlation coefficients above 0.75, in absolute value, the content of amino acids with basic side chains, isoelectric point and net charge were found to be highly correlated variables (Table 4 ). This was expected as the basic side chains are ionizable, affecting the peptide net surface charge, which is reflected in both net charge at pH 7 and isoelectric point (the pH at which the charge is neutral). However, it is interesting to note that the isoelectric point and net charge were not found to be very highly correlated with the content of amino acids with acidic side chains, although their side chains are also ionizable. This can be explained by the fact that the selected peptides had a very low content of amino acids with acidic side chains (only 19% of designed peptides had acidic amino acids in their sequence). However, amino acids with acidic side chains and net charge are also considered high correlated, as their correlation is, in absolute value, below 0.75 and above 0.50. The amino acids with polar and alcohol side chains are also high related. This is expected as amino acids with alcohol side chains (serine and tyrosine) are also considered amino acids with polar side chains. The content of amino acids with polar side chains and hydrophobic amino acid are high inversely correlated. This result is expected as, for molecular stability purposes, amino acids with similar behavior in aqueous media should be in a nearby location in the keratin and keratin associated proteins. As these peptides are based on these proteins, it is expected that their relation is similar.
It should also be noted that there are no perfectly correlated variables (with correlation coefficients above 0.950, in absolute value). Variables with low correlation (below 0.25, in absolute value) coefficient are considered independent variables.
Multivariable analysis of peptide characteristics with keratin affinity
The degree of keratin affinity to the peptides in the microarray was divided into five ranks based on normalized fluorescence intensity to determine the peptides with highest and lowest affinities to keratin, statistically significant (Table 2) .
A non-parametric Kruskal-Wallis test was performed for the different variables (Table 1) with the spot intensity as the dependent variable, in order to determine if there were significant differences between the ranks (Table 5 and Fig. 3 ). Dunn-Bonferroni correction was implemented for multiple testing between the variables. . 3 . Boxplot of the characteristics of the peptides for the division of intensities into five ranks ( Table 2) . The variables are, from top left to bottom right, peptide content of: cysteine, hydrophobic amino acids, amino acids with polar side chains, basic side chains and acidic side chains, aromatic rings, amide side chains or alcohol side chains, isoelectric point and net charge.
For all variables, except amide and aromatic side chains, the different ranks of intensity representing ranks of affinity of keratin to the peptides are statistically different (p-value ≤ 0.05) between (Table 5) . As amide and aromatic side chains did not show statistically difference between the different ranks of affinity of keratin to the peptides, Dunn-Bonferroni correction could not be performed in these variables (Fig. 3) .
Regarding the cysteine content of the peptides, Fig. 4 there was statistically significant differences between the middle and the highest affinity of hair keratin to the peptides (statistically different ranks: rank 0 and rank 1, rank 1 and rank 3, rank 1 and rank 4, rank (Table 3) . The variables are, from top left to bottom right, peptide content of: cysteine, hydrophobic amino acids, amino acids with polar side chains, basic side chains and acidic side chains, aromatic rings, amide side chains or alcohol side chains, isoelectric point and net charge. The symbol * indicates a statistical significance for a p-value ≤ 0.05.
2 and rank 3), but without a clear understanding of the relation between the affinity of hair keratin and the peptides.
Peptides with the highest affinity to keratin had, in general, higher content of hydrophobic amino acids. Hydrophobic interactions are known to be major forces that maintain the coiled-coil structure of keratin in intermediate filaments formation [4, 33] ; this type of interactions can also favor the affinity of synthetic peptides to hair keratin.
In line with the previous results referred, a slightly inferior content in polar amino acids, such as amino acids containing alcohols, leads to a higher affinity of the peptides to the keratin. The content of polar amino and amino acids containing alcohols was statistically different between the ranks corresponding to middle and highest intensity. These results indicate that, although in hair the formation of hydrogen bonds is important for keratin structure, they are not so important in the interaction of keratin with small peptides. For the highest affinities other forces and hence other peptide features must be considered. The variables content of amino acids with basic side chains, isoelectric point and net charge, previously considered highly correlated, presented statistically significant differences between the lower intensity ranks, but concerning the ranks of higher intensity values, there were no significant differences. Peptides with higher content of basic side chains, higher isoelectric points and more negative net charges have, in general, moderate to higher affinity to keratins extracted from human hair.
The presence of acidic amino acids in the peptide sequence decrease or eliminates the affinity to hair keratin, except for a few outliers corresponding to peptides containing these types of amino acids. In the case of these outliers, other amino acids or their particular position in the peptide sequence can be the determinant factor. As observed in the electrophoresis, the majority of the hair keratins extracted are type I keratins, with an acidic isoelectric point (pI 4.7-5.4) [34, 35] . Consequently, peptides with higher isoelectric point and more negative charges and basic will have more affinity to hair keratin. Looking to rank 4 (the peptides in the spots with highest keratin concentration, hence fluorescence intensity) the same tendency does not occur. This may be explained by the fact that for moderate to high affinities, denoted by ranks 3 and 4, one of the major bonding could be ionic. As referred for the variables polar side chains or alcohol-containing side chains (able to participate in hydrogen bonding), to obtain the highest affinities other forces than coulombic forces could be more important. Therefore, in the design of hair care peptides, basic amino acids content, pI and net charge could be reduced to certain level without influencing the affinity to hair keratin.
To assess if the high affinity peptide profile is different from the remaining peptides, a new division of intensities was established: rank A for peptides with intensities between 0.00 and 0.75; rank B for peptides with intensities between 0.75 and 1.00.
According to the Mann-Whitney analysis for the new division criteria the two ranks of intensity were statistically different regarding the content of cysteine, hydrophobic amino acids, polar amino acids and amino acids containing alcohol (Table 6 and Fig.  4 ). The peptides with higher affinity for the keratin solution had higher cysteine and hydrophobic content, and less polar amino acids and amino acids containing alcohols (Fig. 4) . In this analysis, the impact of the presence of cysteine was clearly evident. This result is expected: a higher content of cysteine leads to a higher affinity of the peptide to the keratin, most likely due to the propensity of the formation of disulfide bonds between cysteines among inter-and intra-chains of the keratin [4, 33] . A higher affinity to hair keratins in peptides with higher content in amino acids with higher hydrophobic side chains and cysteines and fewer amino acids with polar side chains, including alcohols, suggest that the main driving forces for the observed affinity are the formation of hydrophobic interactions and disulfide bonds between the peptides and extracted keratin.
The main interactions observed between keratins and KAPs correspond to extensive disulfide bond cross-linking with the abundant cysteine residue of KAPs and hair keratins [36] [37] [38] [39] . Hydrophobic interactions are also known to stabilize the coiledcoils of ␣-helix keratins [39] . Also, KAPS are thought to be associated by hydrophobic interactions. Consequently, as these peptides are based in hair keratins and KAPs, the small peptides and the keratin extracted from hair should have similar interactions.
The array analysis here reported suggests that the design of small peptides with high affinity to human hair keratin, therefore with good probability to interact and reinforce keratin properties, must be performed considering the main players: hydrophobic interactions and disulfide bonding.
Therefore, these type of peptides could be used for hair cosmetic purposes, mainly for repairing human damaged hair. Damaged hair, due to cosmetic procedures such as bleaching, hair dyeing, and shape-modulating cosmetics, have impaired chemical and mechanical properties [4, 18] . Peptides with these characteristics could be used for penetration into the hair cortex due to the small size and damaged cuticle, and for enabling reinforcement of the hair fiber structure due to disulfide bonding and hydrophobic interactions [11, 14, 16, 40] .
Conclusions
In this study, a screening on a peptide microarray was used to assess the characteristics of small peptides containing cysteines, based on hair keratin and KAPs, most important to determine their affinity to hair keratin.
Content of cysteine, hydrophobic amino acids and polar amino acids, mainly containing alcohols, variables related to the charge of peptide (content of basic and acidic amino acids, isoelectric point and net charge) showed statistically significant differences between the different pre-established intensity ranks related to peptide affinity to hair extracted keratins, thus corresponding to features that have determining roles in keratin affinity.
When the number of intensity ranks was reduced to two, considering the differences between peptides of very high affinity and the remaining, only content of cysteine, hydrophobic amino acids, and polar amino acids, mainly containing alcohols, were statistically different. This suggests the formation of hydrophobic interactions and disulfide bonds as major players in the interaction of such small peptides and keratin. Further experimental studies will be needed to prove these interactions and to demonstrate if they provide the peptides the essential features to recover keratin damage in hair fibers.
Decapeptides based in human keratins and KAPs are a promising approach to develop formulations that can be used to enhance hair keratin strength. These formulations should contain hair swelling agents as well surfactants to increase the penetration of peptides into hair fiber cortex. Peptides with the characteristics determined by us are strong candidates to reinforce hair fibers.
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